Hyphomicrobium strain WC, Pseudomonas strain TP-1, and Pseudomonas strain Wi are capable of growth on methanol as the sole source of carbon and energy. Methanol-grown cells of each organism contain a primary alcohol dehydrogenase that has been purified to homogeneity. Each enzyme has a molecular weight of 120,000 and shows an in vitro requirement for phenazine methosulfate and ammonium ions for enzymatic activity. Normal aliphatic alcohols are oxidized rapidly by each enzyme. The presence of a methyl group on the carbon atom adjacent to the primary alcohol group lowers the enzymatic activity. This effect is reduced as the methyl substituent is moved further away from the hydroxyl group. The effect of other substituents on enzymatic activity is reported. Methanol, formaldehyde, and to a limited extent acetaldehyde are oxidized by the primary alcohol dehydrogenases. Higher aldehydes are not oxidized. A possible explanation for this specificity, with regard to aldehydes, is presented in terms of degree of hydration of the aldehyde.
Bacteria grown with methanol as the sole source of carbon and energy have been shown to contain a primary alcohol dehydrogenase (PAD) that can be linked to phenazine methosulfate (PMS). Such enzymes have been demonstrated in Pseudomonas M27 (3) (4) (5) , Pseudomonas AM-1 (11, 13) . Protaminobacter ruber, Pseudomonas extorquens, Pseudomonas methanica (11) , and Methylococcus capsulatus (17) . The PAD from all of these organisms are similar in that they cannot use nicotinamide adenine dinucleotides as' electron acceptors and that they all require ammonium ions for enzymatic activity. More important is the observation that purified PAD from Pseudomanas M27 and M. capsulatus each catalyze two reactions, namely, the conversion of methanol to formaldehyde and the oxidation of the latter compound to formic acid. Each purified PAD oxidizes C2 to C, primary alcohols to their corresponding aldehydes (5, 16) . However, formaldehyde is the only aldehyde that is oxidized to its acid derivative. The observation that the ratio of the specific activities of the PAD from M. capsulatus for methanol and formaldehyde did not change over a variety of pH values and ammonium ion concentrations led Patel and Hoare (17) reactions were catalyzed by the same enzyme. Further support for this hypothesis was provided by the isolation of a methanol dehydrogenase-deficient mutant of Pseudomonas AM-1 (PM 15A) that was also devoid of formaldehyde oxidizing activity (11) .
We describe here the isolation and purification of the PAD from Hyphomicrobium strain WC, Pseudomonas strain TP-1, and Pseudomonas strain Wi. These enzymes are similar in their properties to those previously mentioned. The substrate specificity and dual ,activity of the enzymes are reported, and a theory concerning their dual specificities is developed.
SPERL, FORREST, AND GIBSON Chemical determination. Protein was routinely determined by the method of Warburg and Christian (22) . Similar values were obtained by the method of Lowry et al. (16) .
Spectrophotometric enzyme assay. The PAD was assayed as described by Anthony and Zatman (3-5) using a Beckman DU-Gilford recording spectrophotometer. One unit of enzyme is defined as the amount of enzyme required to reduce 1 umol of 2,6-dichlorophenolindophenol (DCPIP) per min at 600 nm. The electron carrier was PMS.
Manometric enzyme assay. The PAD was assayed manometrically by following oxygen uptake. Warburg flasks contained, in a total volume of 3.0 ml, pure protein, 0.8 mg; substrate, 5 to 10 umol; ammonium chloride, 30 umol; and potassium phosphate buffer, 85 Mmol, pH 8.0. The side bulb contained 0.12 Mmol of PMS and the center well contained 0.2 ml of 20% KOH. Control reactions in which either PMS or enzyme or both was omitted were included in each experiment.
Detection of acetate. Reaction mixtures from the manometric assays described above were heated with stirring at 50 C for 15 min to remove the acetaldehyde. The solutions were brought to pH 1.0 with 1 N HCI, and the precipitated protein was removed by centrifugation. The clear supernatant solutions were extracted with 3 volumes of diethyl ether. The combined ether fractions were dried over anhydrous sodium sulfate and then evaporated to less than 0.1 ml. The concentrated fractions were analyzed by mass spectrometry. A fragmentation pattern identical to that given by a standard solution of acetic acid in ether was taken as positive identification of acetic acid. In all experiments, control reactions were per-,formed to ensure that acetic acid was not generated nonenzymatically.
Materials. Diethylaminoethyl (DEAE)-cellulose (Sigma Chemical Co., St. Louis, Mo.) and Sephadex gels (Pharmacia, Upsala, Sweden) were prepared and processed by the instructions of the manufacturers. All substrates were of the highest purity and quality commercially available. The substrates below were obtained from the following sources: 2, 2-dimethyl-1-butanol, 2-methyl-1-pentanol, 3-methyl-1-pentanol, 4-methyl-1-pentanol, 2, 4-dimethyl-1-pentanol, and
2,2, 2-trifluoroacetaldehyde hydrate and 2,2, 2-trifluoroethanol (Polysciences Inc., Rydal, Pa.). PMS was obtained from Sigma Chemical Co., and DCPIP was from Calbiochem, La Jolla, Calif.
Enzyme purification. The enzyme was purified by the technique described in this report. There were four steps, all conducted at 4 C in the presence of methanol (10 gmol/ml). A crude extract was made by adding 75 g of small Superbrite glass beads (type 100; 3M Co., Minneapolis, Minn.) to a suspension of 75 g (wet weight) of frozen cells in 400 ml of 50 mM potassium phosphate buffer, pH 7.0. The cells were broken in an ultrasonic disintegrator (Measuring & Scientific Equipment, Ltd., London, England), 100 ml at a time, for 15 min, three bursts of 5 min each.
Suspensions of Hyphomicrobium strain WC required up to 45 min for complete breakage. The disintegrated cells were centrifuged at 27,000 x g in a Sorvall RC-2 centrifuge for 15 min, and the supernatant fraction was collected. This was termed the crude extract.
Molecular weights. The molecular weight of the purified PAD from Hyphomicrobium strain WC, Pseudomonas strain TP-1, and Pseudomonas strain Wl was determined by Sephadex gel filtration (G-200) as described by Andrews (2) . The elution volume (Ve) for various purified proteins was determined and the Kavg value for each plotted as shown in Fig. 1 .
Absorption spectra. Absorption spectra were determined with a Cary model 14 recording spectrophotometer over a wavelength range of 200 to 600 nm. The enzyme concentration was 8 to 12 mg/ml.
Enzyme purity. Each concentrated enzyme was applied to a Sephadex G-200 column (2.5 by 32 cm), and the elution profile was examined. A symmetrical elution profile with constant specific activity throughout was taken as evidence of homogeneity (see Fig. 3 ). Samples (60 to 100 gg of protein) were subjected to electrophoresis on 7% polyacrylamide gels by the method of Davis (10) , and the protein band was stained with aniline blue black. The presence of enzyme activity on the gels was determined by use of p-nitrotetrazolium blue (14) .
Kinetic studies. Kinetic studies were conducted spectrophotometrically. Water-soluble alcohols were dissolved in deionized distilled water and waterinsoluble substrates (> C) in N,N-dimethylformamide. Apparent Michaelis constants were determined from Lineweaver-Burk plots (15 
RESULTS
Enzyme purification. The procedures used for the purification of the PAD from M. capsulatus and Pseudomonas M27 have been described (5, 17) . Each procedure utilized an acid treatment at pH 4.0. This procedure did not inactivate or precipitate either PAD and resulted in a four-to fivefold purification of each enzyme. The PAD from Pseudomonas strain Wl is completely inactivated at pH 4.0. Also the PAD from Hyphomicrobium strain WC and Pseudomonas strain TP-1 showed no purification after treatment at this pH. Consequently, this procedure was not used in the purifications described below.
Purification of Hyphomicrobium strain WC PAD. All procedures were carried out at 4 C in the presence of 10 umol of methanol per ml. A crude cell extract (1.11 g of protein) was brought to 60o saturation by the careful addition of solid ammonium sulfate. The resulting precipitate was removed by centrifugation at 27,000 x g. Solid ammonium sulfate was added to the clear supernatant solution to give a saturated solution. The precipitate was collected by centrifugation and dissolved in 50 ml of deionized distilled water. This solution was dialyzed against 50 mM tris(hydroxy. ,methyl)aminomethane (Tris) buffer, pH 8.0, for 24 h. The dialyzed preparation was applied to a Sephadex G-200 column (2.0 by 65 cm). Elution was carried out with 50 mM Tris-hydrochloride buffer, pH 8.0, and 5-ml fractions were collected. Enzyme activity was located in fractions 28 to. 45. These fractions were pooled and brought to saturation by the addition of solid ammonium sulfate. The precipitate was collected and redissolved in 50 ml of deionized distilled water. After dialysis against 20 mM Tris-hydrochloride buffer, pH 7.2, for 12 h, the solution was applied to a column (2.0 by 25 cm) of DEAE-cellulose. Five-milliliter fractions were collected. The column was washed overnight with 20 mM Tris-hydrochloride buffer, pH 7.5, and then a gradient of 0.0 to 0.5 M KCl in the same buffer was applied. The PAD was eluted between 0.1 and 0.2 M KCI. The fractions with enzyme activity were pooled and precipitated with solid ammonium sulfate, and the resulting precipitate was collected by centrifugation. The precipitate was dissolved in 10 ml of deionized distilled water and stored at -22 C until needed. A summary of the purification procedure is given in Table 1 .
Purification of Pseudomonas strain TP-1 PAD. The same procedure was utilized for the purification of the PAD from Pseudomonas strain TP-1. An overall 15-fold purification of the PAD from Pseudomonas strain TP-1 was achieved with a final specific activity of 3.5 units of protein per ml.
Purification of Pseudomonas strain WI PAD. The procedure utiliied for the purification of the PAD from Pseudomonas strain Wi was the same for the first three steps in Table 1 . The eluate from step 3' was brought to saturation with solid ammonium sulfate. The precipitate was collected by centrifugation and dissolved in 12 ml of deionized distilled water, and the solution was dialyzed ovemight against 6 liters of 20 mM potassium phosphate buffer, pH 6.5. The dialyzed enzyme solution was applied to a column 'of DEAE-cellulose (2.0 by 24 cm). The column was equilibrated with 20 mM potassium phosphate buffer, pH 6.5, and the same buffer was used to elute the PAD that was not retained on the DEAE-cellulose. A pure enzyme preparation was obtained that was concentrated with ammonium sulfate and stored at -22 C as described above.
A summary of the yields, specific activities, and purifications obtained for the three PAD is given in Table 2 The purity of each PAD was examined by disc gel electrophoresis. The results showed that each enzyme preparation was electrophoretically homogenous. The PAD from Pseudomonas strain Wl migrated toward the cathode, whereas the PAD from Hyphomicrobium strain WC and Pseudomonas strain TP-1 migrated toward the anode. Each protein band showed enzymatic activity as described in Materials and Methods. Because only a 2.6-fold purification was obtained for the enzyme from Hyphomicrobium strain WC, the results of gel electrophoresis ( Fig. 2) and chromatography on Sephadex G-200 (Fig. 3) are presented as evidence of its purity.
Properties of the PAD from Hyphomicrobium strain WC, Pseudomonas strain TP-1, and Pseudomonas strain WI. Crude cell extracts of Pseudomonas strain Wl have been reported to require ammonium ions for the oxidation of primary alcohols. Maximal enzyme activity was observed from pH 8.5 to 9.0 (9). PMS was the only electron carrier that would support enzymatic activity. In this respect the enzyme is similar to the purified PAD from M. capsulatus (17) and Pseudomonas M27 (5). The phrified PAD from Hyphomicrobium strain WC, Pseudomonas strain TP-1, and Pseudomonas strain Wl described in this report showed similar properties. Each enzyme was completely inactive unless ammonium ions were added to the assay system (see Materials and Methods). Also each PAD showed maximal enzymatic activity in Tris-hydroch'loride buffer, pH 9.0.
The molecular weight of each of the PAD purified as described in this report was determined by gel filtration on a standardized column of Sephadex G-200 (Fig. 1) . From the linear portion of the plot, a molecular weight of 120,000 was estimated for each enzyme. The ml) of each PAD were yellow. Absorption spectra of each showed maximal absorption at 272 and 353 nm. Similar absorption characteristics were also reported for the purified PAD from M. capsulatus (17) and Pseudomonas M27 (6) .
Substrate specificity. The purified PAD from M. capsulatus and Pseudomonas M27 showed dual activity. Methanol was oxidized through formaldehyde to formic acid. Higher primary alcohols (C2 to C.) were oxidized to the corresponding aldehydes, and these were not further oxidized (5, 17 (Table 3) . Nevertheless, hexadecanol with 16 carbon atoms is still oxidized quite rapidly by each enzyme. Methyl substitution on the alkyl side chain of different primary alcohols produced a significant effect on the affinity of each enzyme for different primary alcohols (Table 4) . Thus, the apparent Km for 1-propanol is increased 17-to 20-fold when 2-methyl-1-propanol is used as a substrate. Similar results were obtained when 1-butanol was substituted with either one or two methyl groups on the C2 position. The effect of the position of the methyl substituent is clearly demonstrated in the series of methyl-substituted 1-pentanols. A methyl substituent at position 2 of 1-pentanol results in approximately a 34-fold increase in the apparent Km with respect to 1-pentanol. The effect is reduced with a methyl substituent on carbon atoms further away from the hydroxyl group. It appears that a methyl substituent at the C2 position exerts the greatest effect on the affinity of each enzyme for the different primary alcohols. Thus, the oxidation of 2,4-dimethyl-1-pentanol is not significantly different from that observed with 2-methyl-1-pentanol. Table 5 shows the activity of the three PAD on primary alcohols that contain different nonaliphatic substituents. Glycolic acid is not a substrate for any of the three enzymes. However, glycolamide was a substrate for the PAD from Hyphomicrobium strain WC. Also, 10- hydroxydecanoic acid was a good substrate for the three PAD. The apparent Km values for this substrate are essentially the same as those observed for 1-decanol (Table 3 ). The apparent Km for 2-methoxyethanol is in the order of 4.5 x 10-6 to 5.0 x 10-1 M. These values compare well with the Km of 4.0 x 10-6 M obtained for 1-butanol, a compound of similar molecular dimensions to 2-methoxyethanol. A phenyl substituent on the same carbon as the hydroxyl group decreases the affinity of the enzyme fiveto sevenfold with respect to methanol as a substrate. The effect is reduced in the case of 2-phenylethyl alcohol where a methylene group is interposed between the phenyl group and the hydroxyl group.
Ability of aldehyde hydrates to serve as substrates for the PAD from Hyphomicrobium strain WC and Pseudomonas strain TP-1. Formaldehyde in aqueous solution exists almost solely as the hydrated form (8) . The results shown in Table 6 show that 2,2,2-tri-assay, acetaldehyde is not a substrate for either fluoroacetaldehyde hydrate and 2,2,2-tri-enzyme. However, acetaldehyde in aqueous sochloroacetaldehyde hydrate both serve as sub-lution at 30 C is 50% hydrated (7, 8 ns, Not a substrate under the conditions employed in the spectrophotometric assay.
Because of the acidic properties of this compound it was necessary for the K, and V,ax to be determined at pH 7.0.
obtained (Table 7) showed that ethanol was oxidized with the consumption of 0.64 gmol of O,/umol of ethanol. Acetaldehyde was also oxidized with the consumption of 0.15 umol of O,4mol of acetaldehyde, whereas 1-propanol and 1-butanol were both oxidized to their corresponding aldehydes that were not further oxidized. This is supported by the failure of the PAD from Hyphomicrobium strain WC to oxidize propionaldehyde and butyraldehyde. The reaction products from ethanol and acetaldehyde were examined by mass spectrometry (see Materials and Methods). Acetic acid was detected as a reaction product from each substrate. Acetic acid was not detected in control reaction mixtures in which either the PAD, PMS, or both were omitted.
DISCUSSION
Certain morphologically distinct bacteria can grow with methane or methanol as the sole source of carbon and energy. Recently, a number of these have been shown to contain a PAD that is independent of nicotinamide adenine dinucleotides. The enzymes from Pseudomonas M27 and M. capsulatus (3) (4) (5) 17) (18) . However, the PAD present in crude extracts of Pseudomonas strain TP-1 is serologically indistinguishable from the same enzyme in Pseudomonas M27 (18) . The purification procedures described for the preparation of PAD from Hyphomicrobium strain WC, Pseudomonas strain TP-1, and Pseudomonas strain Wi differ from those reported for the PAD from M. capsulatus and Pseudomonas M27 in that the acid precipitation step was omitted. The four-step procedure described in this paper resulted in homogenous preparations as judged by gel electrophoresis and Sephadex G-200 molecular filtration (see Fig. 3 ). The low apparent purification for the Hyphomicrobium strain WC PAD could be due to loss or inactivation of the cofactor (6), because the protein appears to be pure electrophoretically (Fig. 2) and on size criteria (Fig. 3) . Because the exact nature of the cofactor is not presently known and reconstitution has not yet been accomplished (6) , this point could not be tested. It should also be emphasized that this enzyme is responsible for two-thirds of the catabolic reactions involved in complete oxidation of methanol, and would therefore be expected to be a major protein component of all these organisms.
Each purified PAD was similar to the PAD from M. capsulatus and Pseudomonas M27 in the following properties: (i) the inability to transfer electrons to NAD+, (ii) a specific requirement for ammonium ions and PMS for enzymatic activity, (iii) pH optima, (iv) molecular weight, and (v) absorption spectra. In addition, purified PAD from Hyphomicrobium strain WC, Pseudomonas strain TP-1 and Pseudomonas strain Wi, M. capsulatus, and Pseudomonas M27 have all been shown to contain the same fluorescent prosthetic group (Sperl and Forrest, unpublished data) . The PAD from Pseudomonas strain Wi shows certain dissimilarities to other enzymes in that it is not acid stable, shows no immunological crossreactivity, and migrates to the cathode on polyacrylamide gel electrophoresis at pH 8.9.
The three PAD described in this paper showed a broad substrate specificity with respect to primary alcohols. Secondary and tertiary alcohols were not oxidized. Similar results were reported for a partially purified preparation of the PAD from Pseudomonas M27 (4). The PAD from Hyphomicrobium strain WC, Pseudomonas strain TP-1, and Pseudomonas strain Wi oxidized straight-chain aliphatic alcohols. The affinity of each enzyme for its substrate decreased with increasing chain length at least up to hexadecanol. The presence of a methyl group at the C2 position of a primary alcohol appears to impose a rigorous steric restraint on the enzymes. This is demonstrated by the data on the branched-chain alcohols (Table 4) in which the effect of the methyl substituent is progressively reduced as it is removed further from the primary alcoholic group. Glycolic acid is not a substrate for any of the three enzymes. Thus, a charged carboxyl group adjacent to the primary alcohol appears to interfere with 'enzymatic oxidation. As the carboxyl group is moved further from the primary alcohol group, as in 10-hydroxydecanoic acid, oxidation is observed. Note that the uncharged glycolamide is a substrate for the PAD from Hyphomicrobium strain WC.
The most interesting aspect of all the purified enzymes is their ability to oxidize formaldehyde, in addition to primary alcohols. This could be due to one of two things: (i) the enzyme has two catalytic sites, one for the relatively nonspecific oxidation of primary alcohols and one for the specific oxidation of formaldehyde, or (ii) formaldehyde, because of its unique chemical properties, could be chemically equivalent to an alcohol. The first hypothesis is unlikely as the same conditions (pH, ammonium ion activation, and PMS as the only known electron carrier) are required for both oxidations (5, 17) . The second hypothesis is supported by the following reasoning. In aqueous solution, formaldehyde is greater than 99.9% hydrated (8), i.e., it is a gem-diol, whereas aldehydes with more than two carbons are essentially unhydrated (7) . Thus, the correlation. at this point between aldehyde hydration and the ability of aldehydes to serve as substrates is excellent. Acetaldehyde, however, is about 50% hydrated at 30 C and should be a substrate if hydration is involved.
As described in Results (Table 7) , acetaldehyde is not a substrate under the normal conditions of the assay. However, if the reaction is allowed to proceed for 15 min (using the manometric assay) instead of the usual 1 to 2 min of the spectrophotometric assay, then acetaldehyde is, in fact, oxidized by the PAD from Hyphomicrobium strain WC. Thus, acetaldehyde falls properly into the predicted category as a poor but oxidizable substrate.
Again, as predicted, a stable hydrate such as 2,2, 2-trifluoroacetaldehyde hydrate should be, and is, an excellent substrate for the enzymes. Even chloral hydrate is oxidized, although in this case the bulky chlorine atoms may be responsible for the great increase in the apparent Km. Thus, there is a good correlation between aldehyde hydration and enzymatic activity.
The ability of aldehyde hydrates to serve as substrates for the PAD is not unprecedented. Thus, a highly purified preparation of horse liver alcohol dehydrogenase (EC 1.1.1.1) also brings about the oxidation of formaldehyde to formic acid (1) . Other aldehydes oxidized to acids by this enzyme were pyruvaldehyde, acetaldehyde, and acrolein, although specific details were not reported (1). This is in contrast with the aldehyde dehydrogenase from, for example, Pseudomonas fluorescens (EC 1.2.1.3), which utilizes aldehydes in the carbonyl form and for which formaldehyde is an extremely poor substrate (12, 19) .
The absorption spectra of each purified PAD indicates the presence of a nondialyzable prosthetic group. Anthony and Zatman have partially purified the prosthetic group and tentatively identified it as a pteridine derivative (6) . They also postulated a reaction mechanism in which methanol is bound to the N5 atom of the pteroate ring and is oxidized completely to the level of formate via a 5, 10-methylene derivative (6) . Studies in our laboratory have shown that the prosthetic group is not a folic acid derivative and is probably a 2,4-dihydroxypteridine (lumazine) derivative (Sperl et al., Bacteriol. Proc., p. 151, 1973). Such a compound could act as an electron carrier. However, the capacity of a number of compounds of this type to add water covalently and also to form radicals (21) raises the possibility that the prosthetic group may be involved in a hydroxylation rather than a dehydrogenation. Further information on the mechanism of the reaction will depend on the complete elucidation of the structure of the prosthetic group.
